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INTRODUCTION
The discovery of a critical point on the liquid-vapor equilibrium line gave researchers a new object of study. This discovery was regarded as "a remarkable fact in the science of the 19th century" (Skripov and Faizullin, 2006) . Our paper is dedicated to the 90th anniversary of the birthday of V.P. Skripov. † It presents the pioneering results obtained by V.P. Skripov on heat transfer due to free convection in the supercritical temperature region (T 0 > T c , where subscripts 0 and c refer to the bulk substance and the critical point, respectively). We also discuss the development of his results in the case of substantial reduction in the time and spatial scales of an experiment.
Due to the anomalous behavior of the thermophysical and kinetic properties of matter in the near-critical region, this object really attracted close attention (Galitzine, 1893; Semenchenko, 1947; Levelt Sengers, 1976; Anisimov, 1991; Gorbaty and Bondarenko, 1998; Ivanov, 2008; Brazhkin et al., 2012) . By the sum of factors, this region is attributed to "a very delicate state of matter" (Anisimov, 2011) . From the point of view of experimenters, this fact means increasing the requirements to both the procedure of determining the primary values in the course of this type of measurements and interpreting the results obtained on their basis. In this paper, we consider the principal features of heat transfer in supercritical fluids (SCFs) at the scale of small characteristic times and sizes and high-power heat flux densities.
To date, the following generally accepted points have been formulated in the experimental thermophysics of matter with supercritical parameters (e.g., Anisimov, 2011; Giterman and Gorodetskii, 1969; Pioro and Duffey, 2007) :
• The isochoric heat capacity values have a distinct maximum along the critical isochore (the heat capacity becomes infinite at the critical point).
• The thermal conductivity values show similar behavior along near-supercritical isotherms, but to a lesser extent than in the case of heat capacity.
• The heat transfer coefficient values have a distinct maximum in the region of near-supercritical parameters.
The phenomenon of enhanced heat transfer in the near-supercritical region, along with the absence of a boiling crisis, served as an incentive for the application of SCFs as a heat transfer agent. In particular, the use of supercritical water in the prospective nuclear power program is widely discussed; see the Generation IV International Forum Program, sixth concept (Pioro and Kirillov, 2013) . In this regard, let us point out previous experimental works on convective heat transfer in SCFs: Pioro and Duffey (2007) , Gu et al. (2015) , and Wang et al. (2016) , and references therein. An important aspect of these works is an attempt to find an understanding of the essence of the phenomenon of deteriorated heat transfer (Shitsman, 1963) observed under certain combinations of experimental conditions (inlet temperature, wall temperature, heat flux density, mass flow rate, etc.). Generalizing the picture of research in this field, in terms of discussion, let us point out two following comments:
• Almost all studies of heat transfer in SCFs were performed in a stationary mode or under conditions close to stationary.
• Most of the experiments on forced convection heat transfer was made near the critical pressure with reference to the region of maximum values of the heat transfer coefficient (for water, the regular pressure value is 25 MPa or 1.14π, where π = p/p c ); in this case, the fact of the disappearance of the heat transfer peak with increasing heat flux density is worthy of mention (as will be discussed subsequently).
The essence of these comments served as motivation for developing an experimental approach to the study of heat transfer operating at small spatial and temporal scales (Rutin et al., 2017) . As a result, we have developed a method of controlled pulse heating of a wire probe, where the electronic control of the probe heating power is performed on a real-time scale. The heating of matter is carried out from an absolutely stable to a supercritical state along the isobar. The pressure serves as a parameter in the experiments. The pressure is changed in the range from 0.1π to 6π. The non-stationary heat transfer coefficient or its reciprocal, the thermal resistance, under strictly specified heat release conditions is calculated from the primary data. Results refer to the mechanism of heat conduction of matter. Indeed, the short duration of observation of the supercritical state, and correspondingly the small thickness of the heated layer of matter, make it possible to exclude from consideration convective instability and gravitational sensitivity in the near-supercritical region. These two feature characteristics of SCFs are the key factors that encourage re-examination of the results of thermal conductivity measurements performed under stationary conditions.
BACKGROUND
In this section, we discuss a number of pioneering studies of heat transfer and thermophysical properties of fluids in the near-critical region. The results of these studies have prepared a qualitative leap in understanding critical phenomena and assessing their prospects for engineering applications. Two works from this series, namely, Skripov and Potashev (1962) and Amirkhanov and Adamov (1963) remained poorly known to the international thermophysical community up to the present time.
Among other properties, thermal conductivity obviously has turned out to be the most problematic to study since it is difficult to completely eliminate the effect of convection on the results of measurements of primary magnitudes. This point was subsequently strongly enhanced due to the results of experiments under conditions of orbital flight (see, for example, Zyuzgin et al., 2001) . Therefore, in the course of their thermal conductivity measurements, Guildner (1958) and researchers from the van der Waals Laboratory used all available means to suppress the effect of convective transfer . Guildner (1958) used a concentric cylinders apparatus with the conductivity gap (thickness of the liquid layer) of 0.8 mm; used a parallelplate apparatus (from 0.4 to 1.4 mm). Carbon dioxide in the region of the critical point served as a sample. The researchers obtained a characteristic λ-shaped dependence of the thermal conductivity against the density along the near-supercritical isotherms. In the vicinity of the critical density value, the curves had a rather sharp peak with the thermal conductivity value being 5-6 times greater than its unperturbed value obtained by interpolation.
In turn, Amirkhanov and Adamov (1963) , using both methods previously mentioned, with the option of changing the gap width and the temperature difference, did not detect any anomalous phenomena on the near-subcritical isotherm. More precisely, heat transfer enhancement actually took place in the course of reducing the level of requirements for the experimental conditions. With a gap width of 0.3 mm, enhancement was observed when approaching (from below) the temperature difference value of 0.2 K. This result appears to be in contradiction to the results of some other papers. Such situations are occasionally encountered in experimental thermophysics (and not only in thermophysics). A constructive approach for resolving this contradiction is to adapt fast-acting methods based on micro-sized heaters to the conditions of the problem under discussion. Apparently, the most complete analysis of the history of the issue was presented by Sengers and coworkers, and is available elsewhere (Vesovic et al., 1990; Huber et al., 2012) .
Around the same time, the study of natural convection heat transfer in the region of supercritical temperatures was carried out by two independent methods. Schmidt (1960) applied the method of a tube filled with a substance and heated from the bottom end. Skripov and Potashev (1962) and Dubrovina and Skripov (1965) used the method of a thin wire heated by direct current. The wire was located successively in the vertical and horizontal channels. The experiments were carried out along the isotherms with a stepwise change in pressure. Both researchers obtained a distinct maximum on the heat transfer coefficient curve as a function of pressure (see Fig. 1 ). The existence of a maximum was associated with the convective instability of the substance and the existence of a sharp maximum of the specific heat at values of the density close to the critical value, as mentioned previously. It was found that the peak height decreases when the isotherm is moved away from the critical isotherm, and the peak itself is shifted toward higher pressures.
A characteristic pattern of the convective motion of supercritical carbon dioxide from the surface of a probe placed in a horizontal channel is shown in Fig. 2 . The images were obtained by the shadow method with frames of 1 µs duration and under the following experimental conditions: T 0 = 31.5
• C, p = 7.75 MPa, and wire diameter d = 100 µm. The temperature rise ∆T with respect to the bulk substance temperature T 0 served as a parameter. • C) as a function of pressure. Hot-wire experiment in the horizontal channel (curve 1; Skripov and Potashev, 1962) and vertical channel (curve 2; Dubrovina and Skripov, 1965) at ∆T ≈ 0.5 K, Tc = 31.1
• C, and pc = 7.38 MPa.
Volume 5 respectively]. It can be seen that under the given experimental conditions, the convection has the form of a floating film. The pattern of the motion near the probe appears to be relatively ordered. At some distance from the probe the pattern acquires the features of ordinary convective motion. The next important result is shown in Fig. 3 . It has been found that the detected peak drops as the heat flux density (or the probe temperature with respect to the bulk fluid temperature) increases. As a result, the following contradiction was formed. The removal of small heat fluxes, in which the peak works, does not represent an engineering problem. The problem is the safe removal of high-power heat fluxes.
EXPERIMENTAL TECHNIQUE
To study the non-stationary heat transfer in SCFs, the method of controlled pulse heating of a wire probe was applied . As usual (Skripov and Potashev, 1962) , the probe served simultaneously as a heater and a resistance thermometer. A platinum wire with a diameter of 20 µm was used as a probe. The • C) for three isobars of carbon dioxide: p = 6.0 MPa (curve 1), p = 7.4 (curve 2), and p = 9.0 (curve 3). The data were taken from Skripov and Potashev (1962) . characteristic thermal relaxation time of the probe was 1 µs. This circumstance makes it possible to consider it to be virtually without inertia at characteristic heating times of a few to tens of milliseconds. With a working probe length of 1-2 cm, due to the small area of its surface, it is easy to obtain a sufficiently high heat flux density (up to tens of MW/m 2 ) with a relatively small input power P . The term controlled heating implies that during heating some parameters of the heating pulse are kept constant by means of high-speed feedback systems. The modes of constant power and temperature plateau (see Fig. 4 ) have turned out to be the most informative ones. In both modes, heating of the substance is carried out along the isobar. Before the start of heating, the substance is in an absolutely stable state.
In both methods, the experiment is carried out as follows. At a given pressure value, a single pulse is applied, and the response of the system to the pulse heating is recorded. Then, another pressure value is set and the procedure is repeated (see Fig. 5 ). The constancy of power (in the first mode) ensures the same energy values absorbed by the probe-substance system, regardless of the change in the external parameter and the presence or absence of phase transitions in the sample. Thus, a basis for comparative experiments on a set of parameter values arises. In this case, one of the parameter values is taken as the base value. The choice of a relative variant of the technique makes it possible to compensate for certain errors inherent in the probe methods and to substantially reduce the influence of an increase in the dimensions of the probe accompanying its heating on the results of the measurements.
The primary magnitudes measured in experiments were the voltage drops across the probe and the standard resistor. Based on these data, the evolution of the average probe temperature T (t) at a given value of the heating power P (in the first mode) or the heating power of the probe P (t) necessary for its thermal stabilization at the selected temperature (second mode) was traced. From these data, the density of the heat flux q = (P − P Pt )/π · d · l through the probe surface and the thermal resistance of a substance under strictly defined conditions of the heat release R λ (t) = ∆T (t)/q were calculated. Here, d and l are the probe diameter and length, ∆T (t) is the temperature rise with respect to the bulk temperature, and P Pt (t) is the fraction of power spent for heating the probe itself at any time t. In the selected experimental conditions, the value exceeded the value of P Pt by one or two orders of magnitude. In the approximation of the zero heat capacity of the probe, the problem of finding the dimensionless thermal resistance R λi (t)/R λb (t) within the framework of the first mode reduces to finding the ∆T i /∆T b ratio for the selected values of P and t; here, subscripts i and b refer to a series of pressure values, one of which (indicated by subscript b) is selected as the base value.
The objects under study were water, isopropanol, and water-isopropanol solution. The choice of water is justified in the Introduction. The choice of the second substance was driven by the desire to perform experiments for a wide region of supercritical pressures. In experiments with water, the limitations inherent in our pressure chamber did not allow the pressure to exceed 2p c . Experiments with π > 2 were carried out with isopropanol. The p c value of isopropanol is 4.5 times lower than for water. As a result, the experiments were carried out for intervals from 0.2p c to 6p c and 0.6T c to 1.6T c . Signs of the onset of thermal decomposition were not detected in our heating scenarios. With the experiments on the water-isopropanol solution, we initiated the study of supercritical heat transfer in twocomponent systems under conditions of high-power heating.
RESULTS AND DISCUSSION
In qualitative terms, similar results were obtained for all three substances. In the region of supercritical pressures, a threshold decrease in the intensity of heat transfer was revealed in the course of crossing the vicinity of the critical temperature. The greatest scale of the effect was observed at pressures close to the critical value. Going deeper into the region of supercritical pressures, this scale decreased until the effect completely disappeared (the characteristic perturbation on the heating curve was no longer resolved). Contrary to expectations, the peaks of heat capacity and thermal conductivity that are known from stationary experiments did not manifest themselves in any way. Indeed, on the calculated heating curve in water along the near-supercritical isobar a region of local growth of the heat transfer intensity associated with the presence of the isobaric heat capacity peak was revealed. In the course of the calculation, well-known stationary data for water related to real experimental conditions were used (Rutin and Skripov, 2014; Rutin et al., 2017) . The quantitative details of our experiments are discussed subsequently.
Experiments with Water
The evolution of the temperature rise of the probe at a given heating power was recorded in the experiments with water. The pressure in the experiments was increased from 23 to 44 MPa (1.99π), the pulse length was 7 ms, and the probe temperature was increased from room temperature (the initial state) to values of (1.2-1.5) T /T c . The heated layer at the time of attaining the critical temperature had a thickness on the order of 10 −6 m (Rutin and Skripov, 2016) . Figure 6 shows the experimental data for the probe temperature evolution (left-hand side graph) and calculation of the relative thermal resistance (right-hand side graph) for different values of the reduced pressure. The revealed perturbation in the heating trajectories when crossing the vicinity of the critical temperature is considered to be the key point of the experimental results. It is obvious that the deviation of the heating trajectory T (t) upward with respect to its unperturbed course unambiguously indicates a decrease in the heat transfer intensity. The scale of the effect exceeds the scale of the primary data scatter due to the drift of the heating power value in a series of pulses by orders of magnitude.
When presenting the results, the value of π = 5 was selected as the base pressure. The position of the base curve in the T (t) diagram was obtained by extrapolating the experimental curves shown in Fig. 6 . Extrapolation details are available elsewhere (Rutin et al., 2017) . The water properties required for the calculation at a pressure of 110 MPa were taken from the known data collection presented in Wagner and Pruβ (2002) .
Experiments with Isopropanol
To determine the pattern of heat transfer for a wide range of pressures (0.2-6) π, experiments with isopropanol (T c = 235
• C, p c = 4.9 MPa) were carried out. A constant heating power mode was applied. The characteristic pulse length was 10 ms, and the pressure value served as the parameter.
As a first step, let us consider the intensity of heat transfer in the subcritical region of the parameters. The heating curves of the probe T (t) and their derivatives with respect to time ∂T /∂t, which were calculated from the primary data, are shown in Fig. 5 . The course of the curves indicates that with increasing reduced pressure, a small but systematic decrease in the thermal resistance is observed. The inset in the top graph in Fig. 5 shows this result in a large-scale version. Such behavior agrees with the increase in the thermal effusivity, b = (λρc p ) 0.5 , of fluids with pressure, which is known from previous experiments (Wagner and Pruβ, 2002) . The sharp perturbations of the monotonous course of the heating curves are caused by the spontaneous boiling up of liquids superheated with respect to the liquid-vapor equilibrium line.
‡ It can be seen that spontaneous boiling up under conditions of constant heating power is a process confined by time and its amplitude systematically decreases when approaching the critical pressure. At the initial stage of the phase transition, a sharp increase in the intensity of heat transfer is observed, as can be seen in the lower graph in Fig. 5 . A similar increase is also observed in the course of temperature-induced phase separation in partially miscible systems with lower critical solution temperature (Ullmann et al., 2015) .
Next, let us compare the intensity of heat transfer in a wide region of supercritical pressures. Figure 7 shows the probe heating curves and their derivatives at a pressure change from 1π to 6π in the entire region of the probe temperature changes. As in the case of water, a threshold increase in thermal resistance in the near-supercritical region of pressure values was observed. The expansion of the region of reduced pressure, with respect to the experiments with water, made it possible to ascertain that this effect practically disappears when the pressure is increased to 3π.
Let us discuss the experimental data obtained at T < T c , i.e., in the subcritical region of the temperature (see Fig. 8 ). It can be seen from Fig. 8 that the heating process up to the moment of reaching the T c value does not contain any singularities. Indeed, the heating rates corresponding to the curves gradually decrease (which is equivalent to an increase in the heat transfer intensity) as the pressure increases step by step. Graphs of derivatives also do not show any peculiarities. If we return to Fig. 5 , it becomes clear that in the region of subcritical temperatures the heat transfer process at both subcritical and supercritical pressures is of the same type (except for the spontaneous boilingup process at p < p c ). As noted previously, an increase in pressure is accompanied by a small increase in the heat transfer intensity. This result can be explained by a slight change in its thermophysical properties with pressure.
It is noteworthy that similar behavior of the heating curves is also found directly in the supercritical region of the parameters. Figure 9 shows a fragment of the experimental results presented in Fig. 7 , which is related to the values of the reduced pressure π > 3. It is obvious that the behavior of the heating curves in Fig. 9 , which corresponds to sufficiently deep penetration in the region of supercritical pressures, does not differ from the behavior of the curves presented in the full pressure range at subcritical temperatures ( Fig. 8 ) and subcritical pressures (Fig. 5 ). This conclusion provides a benchmark for selecting the working pressure of heat exchange equipment, as discussed subsequently. The corresponding foundation for this contention is presented in Fig. 10 , which shows the calculation of the reduced thermal resistance of isopropanol. The calculation was made according to the data given on Fig. 7 in the entire region of pressure values. Obviously, in the near-supercritical region of the parameters, the values of thermal resistance are tens of percent higher than those at a reduced pressure equal to or greater than π = 3. 
Experiments with Solutions
Experiments with a water-isopropanol solution were carried out in the constant heating power mode. For the entire range of concentrations at supercritical pressure values, heat transfer patterns similar to those for pure components were obtained. As an example, the heating curves and their derivatives with respect to time for a solution with equal molar fractions of the components are shown in Fig. 11 . The critical pressure of the solution was close to 7.9 MPa. In fact, the difference in the heat transfer pattern of the solution from the corresponding patterns of the pure components under the given experimental conditions is only quantitative.
Discussion
The subject of the discussion is the results presented previously. They were obtained by direct processing of primary experimental data and do not contain model constraints. The essence of the results is as follows. The intensity of heat transfer by a pulse-heated substance undergoes a vast decrease when crossing the vicinity of the critical temperature. This effect is confined by time and reproducible with respect to temperature. It ceases to appear at pressures exceeding 3π. Obviously, the results are not related to the three generally accepted points formulated in the Introduction. In particular, no effects of peaks of excess thermal conductivity and isobaric heat capacity were detected. The first effect is relatively small and its influence can be neglected in the crude approximation, while the peak of the isobaric heat capacity is simply enormous, and apparently was obligated to manifest itself. The results discussed were obtained by the method of constant power. What is important here is the characteristic time needed to cross a key region of parameters, namely, the vicinity of critical temperature is on the order of 10 −4 s (see Fig. 12 ). Perhaps, is this due to such rapid heating that we do not have sufficient time-and, correspondingly, volume-to feel the effect of peaks known from stationary measurements? To answer this question, a technique of temperature plateau was applied, which makes it possible to increase (by orders of magnitude) the characteristic time of the experiment. Nevertheless, in this case, too, the results were consistent with the results previously discussed (Rutin et al., 2017) . The manifestation of signs of convection at times of tens of milliseconds did not introduce perturbations into the ordered course (with respect to pressure) of the curves. Thus, the assumption of the possible influence of critical slowing down was not found by direct evidence under the given experimental conditions. The aforementioned computer experiment on heating a probe in water with a constant-power pulse detected the influence of the peak of the isobaric heat capacity (Rutin and Skripov, 2014) , despite the small characteristic time, and correspondingly the small thickness of the heated layer. As a result, we have a paradox: the greatest decrease in the intensity of heat transfer is observed in the region of parameters in which the peak of the heat capacity has the largest value.
Nevertheless, suppose that there is a certain size effect that drastically influences the behavior of supercritical fluid. However, this assumption does not negate the need to address the issue of the reason for this effect. If we pay attention to the spatial scale of the experiments (see Fig. 12 ), we can refer the results to the boundary layer; it is this layer that determines the conditions for heat exchange as a whole. Under the conditions of our experiments, heat exchange is appropriately reduced to the mechanism of heat conduction. In this case, the boundary layer becomes the main limiting factor of heat exchange. Moreover, the greatest decrease in the heat transfer intensity falls to the value of the reduced pressure close to unity. This circumstance is an additional argument for selecting the elevated working pressure of the supercritical heat agent, in particular, water.
CONCLUSIONS
To determine the characteristic features of heat transfer in SCFs under conditions of high-power local heat release, we used a method of controlled pulse heating that we developed. The key result of our investigation can be formulated as follows: a significant decrease in the heat transfer intensity in the course of a fast transition from compressed liquid to supercritical fluid along the isobar was found for all of the substances studied. The discussed effect is manifested in a rather wide pressure range; in particular, from 1π to 3π. Such behavior of a substance under the given experimental conditions is consistent with the character of the change in its thermal effusivity (Rutin and Skripov, 2016) , but without taking into account the peak of the heat capacity in the near-critical region. As a further step in this investigation, we plan to study the heat transfer intensity in the course of a fast transition from supercritical fluid to compressed liquid along supercritical isobars.
The results obtained give thermophysical grounds for selecting the operating pressure of a supercritical heat transfer agent in processes of high-power heat release. Indeed, when going deeper into the region of supercritical pressures the efficiency of the heat agent is raised. Checking this assumption will require performing experiments on convective heat transfer in corresponding regions of variations in the reduced pressure and the density of the heat flux.
